
8 6 5  

MS-9 double focusing mass spectrometer at an ionizing voltage of 70 
eV. All compounds which were submitted to mass spectrometric molec- 
ular-weight determination were of high purity as determined by nmr 
analysis and tlc Uv spectra were taken on methanol solutions using a 
Cary Model 15 spectrophotometer. Carbon-hydrogen analyses were 
performed by Galbraith Laboratories, Knoxville, Tenn. 

(90:4:6). 
(34) Unless otherwise stated, ir spectra were taken in CHC13 using a Perkin- 

Elmer Model 257 grating spectrophotometer. Nmr data (CDC13) were 
obtained with a Varian Associates Model A-60A and HA-I00 spectrom- 
eter. Nmr shifts are expressed in parts per million downfield from inter- 
nal tetramethylsilane (6 = 0). Mass spectra were recorded using an AEI 
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Abstract: A bioorganic asymmetric total synthesis of (-)-PGEl and (-)-PGE2 has been accomplished via conjugate addi- 
tion of organocuprates derived from trans-3(S)-hydroxy-l -iodo- I-octene (3a) to 2-(6-~arbomethoxyhexyl)-4(R)-hydroxy- 
2-cyclopenten- 1-one (la) and 2-(6-carbomethoxy-cis-2-hexenyl)-4(R)-hydroxy-2-cyc~openten-I -one (2a), respectively. The 
chiral centers of these key synthons were introduced by the use of microbial enzymes. A variety of microbiological asymmet- 
ric oxidations and reductions were examined for the transformation of prochiral substrates into optically active prostaglandin 
synthons. Microbiological reactions are discussed and compared with the corresponding nonenzymatic reactions. The syn- 
thon la  was prepared from 2-(6-~arbomethoxyhexyl)cyclopentane- 1,3,4-trione (4 )  via the sequence: microbiological asym- 
metric reduction of the C-4 carbonyl in 4 yielding the R alcohol Sa which may be converted into any number of suitable eno- 
lates 6 followed by reduction of the C-3 carbonyl and acid rearrangement. By an analogous sequence of reactions, 2a was 
prepared from 2-(6-carbomethoxy-cis-2-hexenyl)cyclopentane-1,3,4-trione (14). The complementary octenyl synthon 3a 
was synthesized via a modified hydroalumination method and via microbiological reduction of 1 -iodo-1 -trans-octen-3-one. A 
key step in the synthetic scheme for transformation of these synthons into prostaglandins involves the conjugate addition of 
octenylcopper reagents with cyclopentenones. The results of an extensive study of this key step are reported. The effects of 
reaction time and temperature on yield are delineated. The relative effectiveness and reactivities of various divinylcuprate, 
mixed cuprate, and vinylcopper reagents in the conjugate addition reaction are assessed. 

In the  accompanying  paper , )  details a r e  given for t h e  
synthesis of (-)-prostaglandin El ( P G E l )  and related sub- 
s tances  via the  reaction of conjugated 2-alkylcyclopen- 
tenones with both unfunctionalized and oxygenated organo- 
cuprates .  Fur ther ,  t h e  importance of the  C-4  center  (C-11 
prostaglandin numbering)  of l a  in dictat ing t h e  eventual 
s tereochemistry of the  subst i tuents  a t  C-12  and C-8 (pros- 
taglandin numbering)  of prostaglandins through steric in- 
teract ions has  been clearly demonstrated.  W e  now report a 
bioorganic total  synthesis of ( - ) -PGEl  and ( - ) -PGE2 
wherein all t h e  chiral  centers  a r e  asymmetr ical ly  intro- 
duced.  

Results and Discussion 
Microbiological Induction of Asymmetry into the Cyclo- 

pentyl Synthon. Microbial  enzymatic  oxidation of unactiv- 
a ted  (remote)  centers  in hydrocarbons is a well-known phe- 
nomenon. A priori, a n  asymmetr ic  center  might  be intro- 
duced a t  a n y  position in a prochiral subs t ra te  by, for exam-  
ple, microbial hydroxylation. Fur ther ,  numerous  microbial 
t ransformations occur  a t  substrate  centers  which possess 
readily appa ren t  activation toward the  chemical  reaction in- 
volved. 

T h e  allylic ring methylene of 2-( 1 -oxocyclopent-2-ene)- 
heptanoic  acid methyl ester ( I d )  is activated toward oxida- 
tion. In fact ,  the  desired 4-hydroxy-2-cyclopenten- 1 -one la  
has been prepared in racemic form from Id  by chemical ox- 
idation. Moreover,  microbiological hydroxylation of 2- 
alkyl- 1 -oxocyclopent-2-enes such as  cinerone to  cinerolone 
is known.* However,  the  optical purity of t h e  resulting cin- 
erelone was only of the order  of 60%. In addi t ion,  we have 
found t h a t  fungi containing hydroxylases have a general 

proclivity toward degradat ion of the  acid side chain of la.3 
W e  therefore turned our at tent ion to the use of yeast reduc-  
tases for asymmetr ic  induction. 

Cyclopent-2-ene- 1,4-diones a r e  activated toward reduc- 
tion. These vinylogous a-diketones readily undergo selective 
monoreduction with a variety of reagents  to  yield cyclopent- 
2-en-4-01- 1 - o n e s 4  Moreover,  chemical reduction of 2,3-di- 
alkylcyclopent-2-ene- 1,4-diones of ten proceeds with very 
high regioselectivity for reduction of the  least sterically hin- 
dered C=O bond. W e  therefore  examined microbial reduc- 
tion of 2-( 1,4-dioxocyclopent-2-ene)heptanoic acid methyl 
ester ( le) .  

Initial experiments  employing Baker’s yeast for t h e  re- 
duct ion of l e  indicated tha t  reduction of the  C = C  bond ac- 
companied C = O  reduction. Sa tura t ion  of a ,@-unsaturated 
ketones is a very common microbiological t ransformation.5 
O n  the  assumption tha t  C=C and C = O  reductions were 
catalyzed by two independent enzymes, we performed the  
microbiological reduction of l e  in the  presence of excess 2- 
cyclohexenone or methyl vinyl ketone, in order  to competi-  
tively inhibit t h e  reduction of the  double  bond. This  strate- 
gy succeeded. Remarkab ly ,  however, our first experiment ,  
performed with Baker’s yeast, yielded mostly 3-( 1-oxo-4- 
hydroxycyclopent-2-ene)heptanoic acid,  the  product of reg- 
ioselective monoreduction of t h e  most sterically hindered 
C = O  bond. This  result poignantly reflects the  unusual ste- 
ric demands  of enzymatic  reactions in comparison with 
those of more  common laboratory reagents .  

As most microorganisms provided only mixtures of the 
above product  and  t h e  desired 2-( 1 -oxo-4-hydroxycyclo- 
pent-2-ene)heptanoic acid la  in low yields, we examined an  
a l te rna te  approach based on the  observation tha t  2-(6-car-  
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CO,CH, b-- 

X‘‘ 
la, X = OH 
b. X = 2-tetrahydropyranyloxy 
c. X = OSi(CH,),-t-Bu 
d . X  = H 
e . X = O  

X‘ 
Za, X = OH 

b, X = 2-tetrahydropyranyloxy 

Xf-]n 

3 a , X = I ;  R = H ;  n = 1  
b. X = I; R = OCH(CH,)OCH,CH,: n = 1 
c. X = Li; R = OCH(CH,)OCH,CH,; n = 1 
d, X = Cu; R = OCH(CH,)OCH,CH,: n = 2 
e. X = I; R = Si(CH,),-t-Bu: n = 1 
f .  X = Li: R = Si(CH,),-t-Bu; n = 1 
8, X = Cu; R = Si(CH,),-t-Bu; n = 2 

bomethoxyhexyl)cyclopentane-I ,3,4-trione (4)  is readily 
chemically monoreduced.6 Moreover,  microbiological mo- 
noreduction of a-diketones is a common reaction.’ W e  envi- 
saged a pa thway for t h e  conversion of the  readily available8 
s tar t ing mater ia l  4 into the  key intermediate  la  via t h e  se- 
quence:  ( a )  asymmetr ic  reduction of the  C-4  carbonyl to 
yield the  R alcohol 5a; ( b )  efficient conversion o f  5a into 
the  enolate  6; and  (c )  reduction of the  C-3 carbonyl fol- 
lowed by acidic  allylic rearrangement  to  yield l a  (Scheme 
1 ) .  
Scheme I 

6a, R’ CH,3; R = (CH&CO,CH, la, R = (CH,),CO>CH,, 
b. R’ = (CH,),CH; R = (CH&COpCH3 2a. R = CH&H=CH- 
C. R’ = C6HSCO; R = (CH&CO,CH, 
d, R’ 

(CHd,CO,CH, 
CSH12S02; R = (CH,),COzCH, 

16d. R’ = CgH,2SOZ; R = CH,CH=CH- 
e, R’ = C(CH,),CO; R = (CH2),C02CH, 

(CH2J3C02CH3 

A variety of different types of alcohol dehydrogenases 
with varying degrees of chiralities a r e  present among  micro- 
organisms;  m a n y  of these not only possess broad substrate  
specificities but also catalyze reactions with high optical 

yields. Although m a n y  microorganisms were capable  of ca-  
talyzing the  reduction of 4 to  5, most of these produced par -  
tially asymmetr ic  products  in low yields accompanied by 
side reactions such as  partial  cleavage of the methyl ester 
and acid side chain.  However,  two microorganisms were 
found to  be uniquely suited for the  introduction of this chir-  
al center  in 5. Dipodascus uninucleatus catalyzed the  com- 
pletely asymmetr ic  reduction of 4 to the  4 ( R )  alcohol 5a 
(75% yield) as  manifested by its C D  spectrum ([B]zxl 
-85,000; [8]262 +87,000), whereas Mucor rammanianus 
gave the  4(S) alcohol 5b (43% yield), character ized by vir- 
tue  of a n  inverse C D  spectrum ([e],,, +89,000; 
-82,000). 

At t empt s  to  reduce the  prochiral compound 4 by hydro- 
genation in the presence of a soluble rhodium catalyst  with 
chiral phosphine ligands, which was  successfully applied to 
the synthesis of L-amino acids,9 were only partially success- 
ful .  For example,  when 4 was subjected to  hydrogenation in 
the presence of ( I  ,5-cyclooctadiene)bis(O-anisylcyclohexyl- 
methylphosphine)rhodium(I) te t raf luoroborate  (7), only 
partial  a symmet r i c  reduction of 4 was achieved as evi- 
denced by the  isolation of Sa (75% yield) with a n  optical 
puri ty  of 30%. Recrystallization of 5a improved t h e  optical 
puri ty  of 5a (34% yield) to 68%. 

&,RhCOD]+BF4- 
7 

Synthesis of Chiral Enone l a  from Chiral Dione 5a. Hav-  
ing surmounted the  chirality problem a t  C-4  in 5, it was 
necessary to t ransform 5a into 6. It  had been shownh tha t  
when (+)-5 was refluxed with 2,2-dimethoxypropane in the  
presence of a n  acid catalyst ,  two isomeric methyl enol 
e thers  A and  B were formed in a ratio of 40:60. Under  these 
conditions however, (+)-5a afforded only totally racemic 
products. Since this asymmetr ic  center  appears  relatively 
s table  to mild base, it was decided to examine the  effect of 
acylat ing and  alkylating agents  under  mildly basic condi- 
tions, with a view to  obtaining a more  favorable  ratio of the  
desired enolate  A without racemizat ion.  Reaction of (+)-5a 
with excess acetyl chloride in t h e  presence of t r ie thylamine 
gave isomers D and  E in  a ratio of 7 5 : 2 5 ,  whereas benzoyl 
chloride fur ther  improved the  ratio to 90:lO. By using 1 
equiv of the acylat ing agent ,  the amoun t  of diacylated prod- 
ucts  m a y  be reduced considerably. Although acylation a t  
C-4 proceeded slower than tha t  of the  enolates  a t  C-1 and 
C-3 ,  it was not possible to e l iminate  it entirely.  By using a 
bulky acylat ing agent  such a s  pivaloyl chloride, the  desired 
enol acylate  A was obtained almost  exclusively, and no iso- 
meric  enol acyla te  B was detected.  Similar ly .  the  formation 
of isomeric enol e thers  via reaction of (+)-5a with alkyl ha-  
lides of varying sizes was examined.  I t  was found tha t  alkyl- 
ation using methyl iodide gave a ratio of A to B of 40:60, 
but by increasing the  size of t h e  alkylating reagent  such a s  
1 - iodo-3-methylbutane.  this ratio m a y  be reversed to  70:30. 
However.  of these. only the  isopropyl enol e ther  A was crys- 
talline. A similar t rend was observed via the  formation of 
enol sulfonates, Whi le  methanesulfonyl chloride gave a 
ratio of A:B of 40:60. mesitylenesulfonyl chloride afforded 
the  isomeric mesitylene enol sulfonates in a ratio of 90:lO 
(Table  I ) .  These results clearly show t h a t  t h e  enolate  a t  c-1 
is sterically less hindered than  tha t  a t  C-3 ,  and tha t  t h e  size 
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of the  acylat ing or alkylat ing agent  plays a n  important  role 
in determining the  ratios of t h e  resulting isomeric enolates. 

O R  c? 

A B C 
OR' 0 

D E 
R = (CH,),CO,CH, 

No appa ren t  racemizat ion occurred when these experi- 
ments  were repeated using (+)-5a, for the  resulting isopro- 
pyl enol e ther  6b, the  enol benzoate  6c, and t h e  mesitylene 
enol sulfonate  6d were all found to be optically active. 

Our at tent ion was then focused on the  conversion of 6 
into la  via reduction of 6a, followed by allylic rearrange-  
men t  in acid.  Although a variety of hydrides m a y  be used, 
the most sui table  one was sodium bis(2-methoxyethoxy)alu- 
m i n u m  hydride (Red-AI) .  When 6b was reduced with a n  
excess of Red-AI,  a t  -78' followed by acid t reatment ,  la  
was obtained in yield of 60%. Using s imilar  conditions, it 
was also possible to  convert 6c into la  (60% yield). How-  
ever, because of the  electron-withdrawing property of the  
enol benzoate  6c, the  acid-catalyzed allylic rearrangement  
was considerably slower than  those of enol ethers.  T h e  re- 
duct ion of 6e gave the diol in poor yield (1  o%), which ap-  
peared to  be d u e  to  the loss of the  C ( C H 3 ) 3 C O  group dur-  
ing reduction to  give back 5a. The  acid-catalyzed rear- 
rangement  of the diol gave la  in very low yield. On the  
o ther  hand,  the  mesitylene enol sulfonate  6d, which was ef- 
ficiently formed from (+)-5a, was readily reduced by Red-  
AI l o  a nd  was rapidly rearranged to la (overall yield 54% 
from 5a). 

Asymmetric Synthesis of the Octenyl Synthon. Several 
procedures m a y  now be followed for the  synthesis of (S)-  
iodovinylcarbinol (3a). In  the  accompanying  paper , '  (S ) -  1 - 
octyn-3-01 was obtained by chemical  resolution and  convert- 
ed to (S)-3a via the  hydroaluminat ion method.  Alternative- 
ly, it may be prepared from (S)- l -octyn-3-01 via a borinate  
 intermediate"^'^ or via chemical  resolution of (+)-3a, pre- 
pared from 1 -chloro- t rans-  I-octen-3-one.14-' W e  have now 
found tha t  it is possible to  introduce this chiral  center  with 
a high degree of stereoselectivity via microbial reduction of 
1 -iodo-l-octen-3-0ne.'~." 

As a rule  a ,@-unsa tura ted  ketones d o  not yield allylic al- 
cohols by enzymic reduction owing to  resonance stabiliza- 
tion of the  carbon-oxygen double  bond. I 6  However,  when 
an  electronegative subst i tuent  such as  a halogen is intro- 
duced into the  a ,@-unsa tura ted  ketone on the  double  bond, 
there  is interference with the  usual a ,@-unsa tura ted  ketone 
resonance, and a net destabilization of the  system and  enzy- 
mic reduction to subst i tuted allylic alcohols m a y  be 
achieved." Based on this rationale,  it was found tha t  
washed cells of Penici l l ium decumbens  catalyzed the  reduc- 
tion of 1 -iodo- 1 - t rans-octen-3-one to the  desired 3 ( S )  alco- 
hol 3a (10% yield), [ c ? ] ~ ~ D  +7.51', '* whereas Asperigi l lus  
us tus  gave the  3 ( R )  enant iomer of 3a (12%), [ c Y ] ~ ~ D  -8.0'. 
Using growing cul tures  of these organisms,  t h e  yield of 3a 
was reduced to ca. 3% a s  t h e  majori ty  of the  substrate  was 
incorporated by the  microorganism. '  

Conjugate Addition of Vinyl Synthons to Cyclopenten- 
ones. PGE1. After  protection of the  (S)-3a as  the  ethoxy- 

Table I. Effect of Acylating and Alkylating Agents on 
Isomer Distribution 

---Yield of isomers, Z--- 
A B C  D E  Reagents 

MenC(OMe)2, MeOH, HC1 
CHICOCl (excess), EtaN 
C6HjCOCI (excess), Et3N 
CsHjCOCl (1 equiv), Et3N 
.Me2CHCOCI (1 equiv), Et3N 
Me3CCOC1 (1 equiv), Et3N 
MeSO2C1 
CsHjS02C1 
2-ClaH,SO,CI 
Mesitylenesulfonyl chloride 
2-Iodobutane 
2-Iodopropane 
1 -1odo-2-methylpropane 
1-Iodo-3-methylburane 

40 

78 
85 

>95 
40 
85 
85 
90 
40 
60 
70 
70 

60 

60 
15 
15 
10 
60 
40 
30 
30 

22 
h 
b 

75 25 
90 10 

15 
Trace 

U 

a Formed in variable amounts (CU. 0-15%). Acidic fraction not 
examined. The procedures for acylation and alkylation are de- 
scribed in the Experimental Section. 

ethyl e ther  3b, it was found more  convenient to generate  the  
vinyllithium reagent 3c by the  use of 2 mol equiv of te r t -  
butyllithium.20 W e  have earlier '  alluded to the  lability of 
the  vinyllithium species 3c so tha t  it mus t  be used immedi-  
ately for the  subsequent  conjugate  addition upon genera-  
tion. Moreover,  the  na ture  of ligands appeared to  influence 
the  stability and reactivity of the  cupra te  3d as  demon-  
s t ra ted by the  results of our studies on the  conjugate  addi-  
tion of the divinylcuprate reagent  3d to e i ther  l b  or IC. The  
failure of o thers1*  to  obtain significant yields of 1,4 adducts  
could be at t r ibuted to  two main  factors. I t  is likely tha t  tri- 
methyl phosphite is a poor complexing ligand for the rrans-  
divinylcuprate, a l though it appears  qui te  sui table  for the  
c i s - d i v i n y l ~ u p r a t e . ~ '  Fur ther ,  in our experience a t  -78', 
conjugate  addition proceeds extremely slowly, which is con- 
sistent with their recovery of large quant i t ies  of unreacted 
s tar t ing mat te r ia l . l2  To obtain opimum yields of 1,4 ad-  
ducts ,  several critical experimental  factors  must  be kept in 
mind. While  it is desirable to generate  the vinyllithium 
species a t  -78', the opt imum tempera tu re  needed for con- 
juga te  addition with the  t rans-divinylcuprate  lies between 
- 15 and  -20' for a period of 30  min, depending on the  lig- 
and and  the size of the protecting group in la.22 Because 
the  resulting enolate  m a y  react  fur ther  a t  higher tempera-  
tures, resulting in lower yields of desired products, it is pref- 
erable  to  quench the  reaction a t  -15 to  -20' prior to work- 
UP. 

The  results of our conjugate  addition experiments a r e  
summar ized  in Tab le  11. W e  have consistently noted tha t  
highest yield of PGEl methyl ester (60%) was obtained by 
reaction of the  t rans-divinylcuprate  3g with IC. However,  
the conditionZo used for the  removal of dimethyl- terr-but-  
ylsilyl protecting g roup  always resulted in significant quan-  
tities of P G A l  methyl ester. Also, as  only 1 mol of 3c is con- 
sumed in the reaction, considerable amoun t  of coupling of 
the  vinyl cup rate^^^ was noted. Corey and  BeamsZo proposed 
to overcome this disadvantage by the  use of a mixed cu- 
prate,  comprised of I -pentyne and 3c complexed with 2 mol 
of hexamethylphosphoric t r iamide.  W e  have been unable to 
demonstrate  a significant advantage of this mixed cupra te  
over vinylcopper reagents. T h e  yields of PGE1 methyl ester 
obtained using the  vinylcopper reagent  (X3P) , (R)CuLi  a r e  
of the order  of 40-SO%, which a r e  comparable  to the  yields 
found for the  reactions using the  Corey  mixed cupra te  re- 
agent .  Wi th  the  vinylcopper reagent ,  the  t ime required for 
the  reaction to  go to  completion was found to  be dependent  
on the  phosphine used. Wi th  tri-n-butylphosphine, the  reac- 

S i h  et al. / Synthes is  of ( - ) -Prostaglandin El a n d  (-)-Prostaglandin E2 



868 

Table 11. Yield of PGEl Methyl Ester from 1,4-Addition Reactions Using Organocuprates@- 

Protecting Protecting Reaction Percentage 
group on l a  group on 3a Type of copper reagent time, min yieldh 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

DMTBSc 
DMTBS 
DMTBS 
DMTBS 
THP 
THP 
THP 
DMISf 
THP 
THP 
THP 

12 DMTBS 
13 THP 
14 THP 
15 THP 
16 THP 
17 THP 
18 (a) THP 

(b) THP 

19 DMTBS 
20 THP 
21 THP 
22 THP 
23 THP 
24 THP 
25 THP 
26 THP 

DMTBS 
DMTBS 
DMTBS 
DMTBS 
(1 -EtO)Et" 
(1-Et0)Et 
(1-Et0)Et 
(1-Et0)Et 
(1-Et0)Et 
(1-Et0)Et 
(1 -EtO)Et 

(1-Et0)Et 
(1-Et0)Et 
(1-Et0)Et 
(1 -EtO)Et 
(1-Et0)Et 
(1-Et0)Et 
( I -Et0)Et  
(1-Et0)Et 

(a) Divinylcuprate Reagents 
IZ-BU~P CUI 
II-BuIP. CUI 
( Me2N),P. CUI 
(Me,N),P. CUI 
/z-BusP. CUI 
IT-BuIP CUI 

/ P B u ~ P .  CUI 
X(CH3)3N. CUIQ 
2ButS. CUI 

(Me2N),P. CUI 

4i-Pr2S CUI 

HMPCu-pentyne (Corey's reagent) 
HMPCu-pentyne (Corey's reagent) 
HMPCu-pentyne (Corey's reagent) 

(b) Mixed Cuprate Reagents 

t-Bu-0-Cu 
Ph-S-Cu 
(Me,Si)*N-Cu 
Ph2P. CU' 
Ph2P CUT 

( 
DMTBS 
(1-Et0)Et 
(1-Et0)Et 
( I  -EtO)Et 
(1 -EtO)Et 
(1-Et0)Et 
(1 -EtO)Et 
(1-Et0)Et 

:c) Vinylcopper Reagents 
(Me2N)3P. CUI 
( M Q N ) ~ P  CUI 
2( ,Me2N)3P CUI 
2(Me2N)aP CUI 
IZ-BUIP. CUI 
/ z -Bu~P .CUI  
~ ( , Z - B U ~ P ) . C U I  
~ ( ~ z - B u ~ P ) .  CUI 

PGEi Methyl Ester 
27 DMTBS DMTBS H - B u ~ P  CUI 

90 
60 
60 
90 
60 
30 
60 
90 
30 
40 
40 

90 
90 
60 
90 
60 
IO 
60 
60 

135 
135 
135 
1351 
60 
35 
60 
35 

65-70 
62 
31d 
55 
55-60 
50 
47 
44 
35 .5  
30 
30 

38 
38 
50 
0 

61 
27 
54 
50 

46 
40 
48 
45 
42 
43 
45 
50 

90 55 
28 THP (1-Et0)Et II-Bu~"P.CUI 60 50 

a All reactions were carried out in diethyl ether at -22 to - 18", unless otherwise stated. 6 Yields are based on protected l a .  Dimethyl- 
terr-butylsilyl. Unreacted starting material (33 %). e (1-Ethoxy)ethyL 1 Dimethylisopropylsilyl. Q The composition of this reagent is not 
known. Prepared by treating diphenylphosphine with a molar equivalent of n-butyllithium at 0" to give lithium diphenylphosphide (PhsPLi), 
followed, after 60 min stirring at On, by reaction with tri-n-butylphosphine5opper iodide complex. 8 In this reaction. lithium diphenylphos- 
phide was prepared by the reaction of chlorodiphenylphosphine and lithium wire. Reaction with tri-n-butylphosphine-copper iodide complex 
as in /I gave the required copper reagent. j Temperature of reaction was -20 to -10". 

tion was complete  a f te r  30 min, whereas with hexamethyl- 
phosphoric t ~ i a m i d e , ~ ~  t h e  reaction took longer, viz., 135  
min. Fur ther ,  the  addi t ion of a second equivalent of phos- 
phine appeared to  stabilize the  vinylcopper reagent  a t  -20' 
and  gave slightly bet ter  yields, viz., 45550% vs. 40-42%. 
W h e n  1 equiv of n-Bu3P was used, t h e  color of the  reaction 
mixture  a t  -20' turned brown af te r  10-15 min and black 
a f te r  20-35 min. Wi th  (Me*N)3P,  the  color was brown 
after 6 0  min and black a f te r  90-100 min.  W h e n  2 equiv of 
phosphine was used, t h e  color remained yellow throughout  
the  reaction. 

In  addition to  the  Corey  reagent ,  o ther  mixed cuprates25 
(prepared from the  corresponding heterocopper species and  
3c) such as  P h S ( R ) C u L i  and  ( P h ) z P ( R ) C u L i  m a y  be used 
efficiently for conjugate  addition to  l b  with yields in the  
range of 50-60% (Table  11). However,  nitrogen-containing 
mixed cupra tes  such as  [ (CH3)3S i ]2N(R)CuLi  a r e  inferior 
and  gave m u c h  lower yields (25-30%). Oxygen-containing 
mixed cupra tes  such as  t - B u O ( R ) C u L i  gave no 1,4-addition 
product .  As a rule, t h e  mixed cuprates  and the  vinylcopper 
reagents  gave fewer reaction products  t h a n  the  divinyl cu-  
prates  making  separat ion somewhat  easier and  cleaner  and 
in t h e  former two cases improving the  yield based on vinyl 
synthon.  T h e  synthesis of PGEl was successfully completed 
by hydrolysis of t h e  ester grouping with Rh izopus  oryzae. 
T h e  product was optically pu re  and crystal l ine and  identical 
with the  na tura l  product .  

Asymmetric Synthesis of PGE2. React ion of 1,4-butane- 

diol with dihydropyran gave 1-(2-tetrahydropyranyloxy)- 
butan-4-01 in 77% yield,26 which was converted into 1- 
brom0-4-(2-tetrahydropyranyloxy)butane~~ (77% yield) via 
mesylation and t r ea tmen t  of t h e  mesylate  with LiBr in ace- 
tone.  T h e  pyrrolidine enamine28 of acetoacet ic  ester (8) was 
condensed with propargyl b r ~ m i d e ~ ~ , ~ ~  which after alkaline 
hydrolysis and decarboxylation afforded 1 - h e x y n - 5 - 0 n e ~ ~ - ~ '  
(9) in 70% yield. After  conversion of 9 into t h e  cycloethy- 
lene 10 (89% yield) in t h e  usual manner .  10 was 
t reated with l i thium amide  in liquid NH3 and reacted with 
l-bromo-4-(2-tetrahydropyranyloxy)butane using TH F as 
cosolvent. Acidic hydrolysis of the  resul tant  e thylene ketal- 
THP ether  gave I-hydroxy-5-decyn-9-one (11) in 89% yield 
from 10. Jones oxidation33 of 11, followed by acid-catalyzed 
esterification and  hydrogenat ion over Lindlar's catalyst ,  af-  
forded methyl 9-keto-cis-5-decenoate  (12)  in 60% yield 
overall (Scheme 11). Condensat ion of 12  with diethyl oxa- 
late,8 followed by acid hydrolysis and  methylat ion,  gave 2- 
(6-carbomethoxy-cis-2-hexenyl)cyclopentane- 1,3,4-trione 
(14)  in 50% yield, T h e  acid 13 was only reduced very slowly 
by D. uninucleatus; in contrast ,  the  methyl ester 14 was 
rapidly converted to  t h e  4 ( R )  alcohol 15 (48%) with an  op- 
tical puri ty  of loo%, which was converted into 2a in a se- 
quence of reactions analogous to those of l a  (Scheme I ) .  

React ion of 15 with 1 .2  equiv of 2-mesitylenesulfonyl 
chloride and t r ie thylamine a t  -10' afforded two isomeric 
enol sulfonates (16d and  16e) in a ratio of 9: 1. This  mixture  
was directly reduced with a n  excess of sodium bis(2- 
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24 hr, after which a 10% by volume t-ransfer was made to each of 
four 2 1. erlenmeyer flasks (F-2 stage), containing 500 ml of the 
soybean-dextrose medium. After 24 hr of incubation on a rotary 
shaker, 250 mg of 4, dissolved in 2 ml of dimethylformamide, was 
added to each flask. The F-2 stage flasks were then incubated for 
an additional 24 hr under the condition used in the incubation of 
the F-1 stage flasks. 

Twenty-four hours after the addition of 4, the cells were re- 
moved by centrifugation. The supernatant was adjusted to -pH 2.5 
with 6 N HCI and was exhaustively extracted with 1.5 1. of ethyl 
acetate three times. The ethyl acetate was dried over Na2S04 and 
evaporated to afford an oily residue. This residue was dissolved in 
5 ml of benzene-ethyl acetate ( 1 : l )  and added onto a column (32 
X 2.5 cm) of silicic acid-Celite (85:lS). The column was eluted 
with a gradient system consisting of 500 mi of 50% ethyl acetate- 
benzene in the mixing chamber and 500 ml of pure ethyl acetate in 
the reservoir, and 7-ml fractions were collected. Fractions 25- IO4 
containing the desired product were pooled and concentrated to 
dryness yielding 1.2 g of crystalline residue. Recrystallization from 
ethyl acetate-petroleum ether afforded 750 mg of 5a: mp 89-91'; 

272 nm ( e  23,500); C D  [ e ]  X = -85' at X 281 nm and [SI X 
= 87' at h 262 nm; nmr 6 3.68 (s, 3, OCH3) and 4.75 ppm 

(broad m,  I ,  C-4 H);  ir (CHC13) 3400, 1725, and 1605 cm-I. 
Anal. Calcd for C13H2oO5: C ,  60.92; H,  7.87. Found: C,  61.16; H, 
7.95. 

2-(6-Carbomethoxyhexyl)-4(S)-hydroxycyclopentane- 1,3-dione 
(5b). The fermentation conditions are  the same as those described 
previously, except Mucor rammanianus was substituted [or Dip-  
odascus uninucleatus. 

Twenty-four hours after the addition of 4, the mycelia were re- 
moved by filtration through cheesecloth. The supernatant was ad- 
justed to pH 2.5 and was exhaustively extracted with two esters of 
ethyl acetate three times. The ethyl acetate layer was dried over 
Na2S04 and evaporated to dryness. The residue was chromato- 
graphed over a silicic acid-Celite (85:15) column (2.5 X 30 cm). 
The column was eluted with a gradient system consisting of 350 ml 
of benzene-ethyl acetate (1:l) in the mixing flask and 350 rnl of 
ethyl acetate in the reservoir flask, and 7-ml fractions were collect- 
ed. Fractions 38-59 containing the desired product were pooied 
and concentrated to dryness yielding 430 mg of crystalline 5b. Re- 
crystallization from ethyl acetate-hexane afforded pure 5b: mp 
92-94'; [CX]~'D -16.4' ( c  0.82, CHC13); uv A,,, 272 nrn (t 

22,500); nmr 6 3.68 (s, 3, OCH,) and 4.75 ppm (broad m, I ,  C-4 
H); ir (CHC13) 3450, 1730, and 1605 cm-I. Anal. Caicd for 
Cl3H2005: C,  60.92; H ,  7.87. Found: C,  61.24; H,  7.83. 

I-Isopropoxy-2-(6-carbomethoxyhexyl)-4( R)-hydroxy-1-cyclo- 
penten-3-one (6b). To 514 mg of 5a (2.0 mmol), were added 546 
mg of K2C03 (4 mmol) and 5 ml (8.5 g, 50 mmol) of isopropyl io- 
dide in 25 ml of dry acetone. The mixture was heated under reflux 
(N2 atmosphere) for 24 hr. After cooling, the reaction mixture was 
diluted with Et20, and the ethereal layer was washed successively 
with water, NaHCO3, water, and saturated NaCl. The solvent 
layer was then dried over Na2S04 and evaporated to dryness to 
yield 560 mg of an oily residue. The residue was dissolved in  iso- 
propyl ether to yield 316 mg (53%) of 6b: mp 60-62'; uv  A,,,,, 259 
nm (c  20,000); nmr (CDC13) 6 1.35 (d, 6 ,  HC(CH3)2), 3.65 (s, 3, 
COOCH,), 4.32 (4. 1, >CHOH) ,  and 4.67 ppm (s, 1 ,  
CH(CH3)2); +35.1' (c 1.02, MeOH); ir (cc14) 1745, 
1700, and 1625 cm-I. Anal. Calcd for C ~ ~ H Z ~ O S :  c, 64.40; H,  
8.78. Found: C,  64.73; H ,  9.03. 

l-Benzoyloxy-2-(6-carbomethoxyhexyI)-4(R)-hydroxy-l-cyclo- 
penten-3-one (6c). To a stirred cooled (-15') solution of 5a (512 
mg, 2 mmol) and triethylamine (0.6 ml, ca. 4 mmol) (distilled over 
CaH2) in dry T H F  (8 ml) was added benzoyl chloride (0.23 mi, 2 
mmol) over 5 min. A nitrogen atmosphere was maintained a t  all 
times. The resulting solution was stirred at - 15 to - IO' for I hr. 
Methanol (4 ml) was then added and the solution allowed to warm 
to room temperature. After being poured into water (70 ml), the 
resulting solution was extracted with ethyl acetate (4 X 50 mi). 
The combined extract was washed successively with saturated 
NaHCO3 (2 X 50 mi) and NaCl (50 ml) solutions, dried 
(MgSOd), and evaporated to afford a yellow oil. The nmr spec- 
trum of this residue was shown to consist mainly of the enol benzo- 
ate 16c and two isomeric dibenzoates, isomers D and E. (An ap- 
proximate ratio of isomers A, D, and E in the reaction mixture 

[ c x ] ~ ~ D  +16.2 ( C  1.02, CHCI3), +7.22' (C 0.54, CH3OH); uv Amax 

Scheme 11 
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methoxyethoxy)a luminum hydride in toluene a t  -70°,  fol- 
lowed by acid-catalyzed r ea r r angemen t  and  elimination to 
af ford  2a a s  a n  oil in 50% yield from 14. 

After  protection of 2a as  t h e  te t rahydropyranyl  e ther  Zb, 
it was t reated with 1.2 equiv of t h e  cupra te  3d (-20°, 1 hr). 
Upon acidic hydrolysis of the  protecting groups and  chro-  
matography (-)-PGE2 methyl ester was obtained in 50% 
yield from 2a. Again,  Rhizopus oryzae was used for hydrol- 
ysis of the  methyl ester to  yield ( - ) -PGE*.  

Experimental Section34 

Asymmetric Hydrogenation of 2-(6-Carbomethoxyhexyl)cyclo- 
pentane-1,3,4-trione (4). To 5 g of 4, dissolved in 35 ml of metha- 
nol, were added 96 mg of the catalyst LzRh+CODBF4- (available 
from Monsanto Co., St. Louis, Mo., under the identification C P  
7 I327 where L indicates o-anisylcyclohexylmethylphosphine and 
COD represents 1,5-cyclooctadiene) and 2.78 ml of triethylamine, 
and the mixture was subjected to hydrogenation at 1 atm. After 
92.6% of the theoretical quantity of hydrogen had been consumed, 
the reaction was terminated by pouring the hydrogenation reaction 
mixture into HCILH20 (about pH 2). The resulting mixture was 
extracted three times with ethyl acetate, the organic layers were 
separated and washed with sodium bicarbonate solution (5% solu- 
tion) until no color appeared in the aqueous phase. The combined 
bicarbonate extracts were extracted with ethyl acetate, and the re- 
sulting yellow aqueous layer was carefully acidified to pH 2.0 with 
hydrochloric acid and extracted with ethyl acetate. The organic 
layer was separated, dried over Na2S04, and evaporated to dry- 
ness. The dried material was dissolved in and then crystallized 
from ethyl acetate giving 1.7 g of product (34% yield): uv Amax 272 
nm ( e  24,000); C D  A 281 nm (0 = -58.3 X IO3) ;  0 = +60 X I O 3  a t  
h 262 n m  (68% optical purity). A second crop (1.6%) showed no 
optical activity, filtrate almost no optical activity. 

Microbiological Synthesis of 2-(6-Carbomethoxyhexyl)4(R)- 
hydroxycyclopentane-1,3-dione (5a). The surface growth from a 1 
week old agar slant of Dipodascus uninucleatus was suspended in 
5 ml of saline (0.85%) solution. Portions (2 ml) of this suspension 
were used to inoculate 50 ml of the soybean-dextrose medium 
(soybean meal, 5 g; glucose, 20 g; yeast extract, 5 g; K2HP04, 5 g; 
NaCI, 5 g; distilled water to 1 1.; pH adjusted to 6.5 with HCI) 
held in 250-ml erlenmeyer flasks (F-l  stage). The flasks were incu- 
bated at 25" on a rotary shaker (250 cycles/min; 2-in. radius) for 
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may be obtained by comparing the signals for their C-4 hydrogens 
at b 4.44, 5.57, and 6.47, respectively. The ratio of A:D:E was 
found to be 16:2.5: I .) None of the isomeric monoenol benzoate B 
could be detected. The oily residue was dissolved in benzene and 
chromatographed over a silicic acid-Celite (85:15) column (2.5 X 
23 cm). The column was eluted with a gradient system consisting 
of 300 ml of benzene in the mixing chamber and 300 ml of ben- 
zene--ethyl acetate (7:3) in the reservoir, and 7-ml fractions were 
collected. Fractions 39-46 were pooled to give 81 mg of the two 
isomeric dibenzoates D and E: nmr b 3.58 (s, 3, OCH3), 5.57 (dd, 
I ,  J q  i = 6, J4.5 = 3 Hz, C-4 H),  6.47 (dd, trace, isomeric benzoate 
E, C-4 H), 7.5 (m, 3, phenyl C-3, C-4, and C-5 H), and 8.08 ppm 
(m. 2, phenyl C-2 and C-6 H);  ir (CHC13) 1740, 1720, 1650, and 
1590 cm-'; molecular ion at m/e 464.1834 (theory for C27H2807, 
464. I8 I X ) ,  Fractions 55-66 were combined to yield 450 mg of 6c: 
nmr (CDCI,) 6 3.58 (s, 3, OCH3). 4.44 (dd, I ,  J = 6, J = 3 Hz, 
C-4 H), 5.06 (broad s, 1, OH), 7.5 (m, 3, phenyl C-3, C-4, and C-5 
H) ,  and 8.08 ppm (m, 2, phenyl C-2 and C-6 H); [ c ~ ] ~ ~ D  +35' (c 
2.0, CHC13); uv  A,,, 241 nm ( 6  20,100); ir (CHCI,) 1742, 1735, 
1720, 1650, and 1590 cm-I. Peak match (M - 18) at m/e 
342.1466 (theory for C20Hl~O5, 342.1463). 

The pH of the NaHC03  washings was adjusted with 1 N HCI to 
2.5, and the resulting solution was extracted with ethyl acetate ( 3  
X 50 ml). The combined extract was washed with a saturated 
NaCl solution (50 ml), dried (MgSOd), and evaporated to give an 
orange-yellow oily solid, which was shown by nmr to consist main- 
ly of the 0-benzoate. This residue was chromatographed over a si- 
licic acid-Celite (85:15) column (2.5 X 18 cm). The column was 
eluted with a gradient system consisting of 300 ml of benzene- 
ethyl acetate (95:5) In the mixing flask and 300 ml of benzene- 
ethyl acetate (7:3) in the reservoir, and 7-ml fractions were collect- 
cd. Fractions 38-55 were combined to yield 114 mg of 2-(6-carbo- 
met hoxyhexyl)-4(R)-benzoyloxycyclopentane- 1.3-dione: mp 
114-1 16'; [ u ] ~ ~ D  +185.3' (c 0.80, CHC13); uv A,,, 228 nm ( c  
16.200). 273 (26,000); ir (CHC13) 1740, 1730, 1690, 1660, 1603, 
and 1590 cm-I; nmr (CD3COCD3) b 3.58 (s, 1,OCH3), 5.86 (dd, 
I .  C-4 H),  7.50 ( m ,  3, phenyl C-3, C-4, and C-5 H), and 8.06 ppm 
( i n ,  2, phenyl C-2 and C-6 H). Anal. Calcd for C~oH2406: C, 
66.65; H,  6.71. Found: C ,  66.46; H,  7.10. 

1 -Benzoyloxy-2-(6-carbomethoxyhexyl)-(3 E,4R)-dihydroxy-l- 
cyclopentene. A 1.5 M Red-AI (Aldrich) solution in toluene (2.66 
ml, 4 mmol) was added dropwise to a cooled (-78') stirred solu- 
tion of monoenol benzoate (6c) (360 mg, 1 mmol) in dry T H F  (75 
mi)  over 15 min under a nitrogen atmosphere, and the resulting so- 
lution was stirred at the same temperature for 35 min. A glacial 
acetic acid-TH F ( I  : 1 ) solution (5 ml) was slowly added over 15 
min. The resulting solution was then allowed to warm to room tem- 
perature, poured into 100 ml of water, and extracted with ether (4 
X 100 ml).  The combined ethereal extract was washed with a satu- 
rated NaCl solution, dried (MgSOJ), and evaporated to yield a 
light yellow solid. The residue was chromatographed over a silicic 
acid-Celite (85: 15) column ( I  .8 X 33 cm). The column was eluted 
with a gradient system comprised of' 300 ml of benzene-ethyl ace- 
tate (7:3) in  the mixing flask and 300 ml of benzene-ethyl acetate 
(3:7) in the reservoir flask, and 5-mI fractions were collected. Frac- 
tions 28-37 were combined to yield 252 mg of the desired diol: mp 
92-93'; [ o ] * ~ D  -44.5' (c 0.51, CH3OH); ir (CHC13) 3610, 3460, 
1740, 1736, and I600 cm-I; nmr 6 3.63 (s, 3, OCH3), 4.42 (broad 
in, I .  C-4 H).  4.63 (broad m, I ,  C-3 H), 7.60 (m, 3, phenyl C-3, 
C-4, and C-5 H). and 8.16 ppm (m, 2, phenyl C-2 and C-6 H) ;  
peak match for (M - 18) at m/e 344.1623 (theory for CmH2405, 
344.1628). 

Reaction of Sa with Pivaloyl Chloride. To a solution of 5a (256 
mg, 1 mmol) and triethylamine (0.3 ml, 2 mmol) in dry T H F  (8 
ml) cooled to -20' under a nitrogen atmosphere was added pivalo- 
yl chloride (0. I2  ml, 1 mmol) over 5 rnin with stirring. The result- 
ing solution was stirred a t  -20 to -10' for 3 hr. Methanol (2.5 
ml) was added, and the solution was allowed to warm to room tem- 
perature and poured into a water saturated NaCl solution (20 ml). 
This solution was extracted with ethyl acetate (4 X 20 ml), and the 
combined extracts were washed with saturated N a H C 0 3  (2 X 50 
ml) and saturated NaCl (50 ml) solutions, dried (MgSOd), and 
evaporated to yield an orange oil, which was shown by nmr to con- 
sist mainly of the desired enol pivaloate along with a small quanti- 
t y  of the dipivaloate isomers D and E. (An approximate ratio of 
these three compounds can be derived from their C-4 nmr signals 

at 6 4.42, 5.21, and 6.1 ppm, respectively. The ratio for A:D:E was 
85:13.5:1.5.) None of the isomeric enol pivaloate (isomer B) could 
be detected. The residue was chromatographed over a silicic acid- 
Celite (85:15) column (2.5 X 21 cm), and the column was eluted 
with a gradient system consisting of 300 ml of benzene-ethyl ace- 
tate (7:3) in  the reservoir; 7-ml fractions were collected. Fractions 
25-36 were combined to yield 87 mg of the dipivaloates (isomers D 
and E): ir (Nujol) 1770. 1730, and 1660 cm-I; nnir b 1.32 (s, 18, 

C-4 H), and 6.10 ppm (dd, trace, isomeric dipivaloate E, C-4 H).  
Anal. Calcd for C2jH3607: C, 65.07; H,  8.55. Found: C,  65.62; H, 
8.39. Fractions 55-73 were combined and evaporated to give 161 
mg of 6e: ir (Nujol) 1770, 1740, 1725, and I657 cm-'; nmr 6 1.34 

Hz, C-4 H), and 5.83 ppm (broad s, I ,  OH);  uv A,,, 242 nm ( t  

I2,OOO); [ a I Z 4 D  +38.2' (c 0.5, CHC13). Anal. Calcd for 
C18H2806: C,  63.51; H, 8.29. Found: C.  63.40; H ,  8.01. 

Transformation of Sa into l a  via the Mesitylene Enol Sulfonate 
6d. To a solution of Sa (3.94 g, 15.4 mmol) and triethylamine (4.4 
nil, 31.28 mmol) in dry T H F  (50 ml), cooled to -10' under a ni-  
trogen atmosphere was added dropwise a solution of 2-mesitylcne- 
sulfonyl chloride (3.6 g, 16.4 mmol) in dry T H F  (30 ml) over 20 
min with stirring. A solid precipitated out after a few milliliters of 
the latter solution had been added. The resulting mixture was 
stirred a t  -10 to 0' for 20 min and then at room temperature for 
45 min. This solution was then filtered through glass wool into a 
pressure-equalizing dropping funnel, being rinsed well with dry 
T H F  (30 ml), and was added dropwise over 30 min to a 1.5 M 
Red-AI solution in  toluene (45 ml, 67.5 mmol) in dry T H F  (80 
ml), kept a t  -70' during the addition by a Dry Ice-acetone bath 
and by the rate of addition. The resulting solution was stirred at 
-76' for 50 rnin. The reaction was quenched by the addition of a 
glacial acetic acid-water ( I  : 1) solution (80 ml) over a 20-min peri- 
od. This solution was added very slowly at first, because of exten- 
sive frothing, but more rapidly later. After warming to room tem- 
perature. the solution was poured into 400 ml of water and extract- 
ed with ether (3 X 350 ml). The combined ethereal extract WBS 

washed with water (2 X 400 ml), saturated NaHC03  (250 ml), 
and saturated NaCl (100 ml) solutions, dried (MgS04), and evap- 
orated to afford a yellow oil, which was dissolved in chloroform 
(200 ml). To this solution was added sodium oxalate (6 g, 44.8 
mmol) and oxalic acid (3 g, 33.3 mmol). The resulting reaction 
mixture was stirred a t  room temperature for 2 hr. The solution was 
then filtered, the solid was washed well with chloroform, and the 
chloroform filtrate and washings were evaporated to dryness. The 
resulting oily solid was dissolved in ether, washed with saturated 
NaHCO3 (50 ml) and NaCl (50 ml) solutions, dried (MgSO?), 
and concentrated to yield a yellow oil (4.5 8). This oil was chroma- 
tographed over a silicic acid-Celite (85:15) column (3.2 X 31 cm). 
The column was eluted with a gradient system consisting of 400 ml 
of benzene-ethyl acetate (90:lO) in the mixing flask and 400 ml of 
benzene-ethyl acetate (60:40) in the reservoir flask, and 8-ml frac- 
tions were collected. Fractions 75- 105 containing the desired prod- 
uct were pooled and concentrated to dryness yielding 2.0 g (54%) 
of la; two recrystallizations from acetone-petroleum ether gave 
la ;mp60-6I0 ;  [ c ~ ] ~ ~ D  +17.2' [cO.57, MeOH]. 

Reaction of 5 with Mesitylenesulfonyl Chloride. To a mixture of 
(~)-(6-carbomethoxyhexyl)-4-hydroxycyclopentane- 1,3-dione ( 5 )  
(256 mg, 1 mmol), triethylamine (0.3 ml, 2.13 mmol), and dry 
T H F  ( 5  ml) stirred under nitrogen a t  -18' was added dropwise a 
solution of mesitylenesulfonyl chloride (241 mg, 1 . 1  mmol) in dry 
T H F  (5 ml) over 20 min. The resulting solution was stirred at - 18 
to - I O 0  for 20 min and then at room temperature for 45 min. The 
reaction was quenched with methanol (2 ml), and then poured into 
water and saturated with NaCI. The mixture was then extracted 
with ether (5 X 30 ml), and the combined ethereal extracts were 
washed with saturated NaHC03  (30 ml) and saturated NaCl (30 
ml) solutions, dried (MgS04).  and concentrated to yield a reddish 
oil (450 mg). This oily residue was chromatographed over a silicic 
acid-Celite (85:15) column (1.5 X 22.5 cm). The column was clut- 
ed with a gradient system consisting of 300 ml of benzene-ethyl 
acetate (90:lO) in the mixing chamber and 300 ml of benzene- 
ethyl acetate (60:40) in the reservoir flask, and 5-ml fractions were 
collected. Fractions 36-60 were pooled and concentrated to afford 
350 mg of (&)-mesitylene enol sulfonate: mp 71-71.5' (two re- 
crystallizations from ethyl acetate-pentane); uv  A,,, 240 nm (c  

C(CH3)3), 3.66 (s, 3, OCHj) ,  5.21 (dd, I ,  J4.j = 6, 14,s = 3 Hz, 

( s ,  9, C(CH3)3), 3.66 (s, 3, OCH3). 4.42 (dd, I ,  J 4 , j  = 6, 54.5 = 3 
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copper(1) iodide complex in 5 ml of dry ether was slowly added to 
the vinyllithium solution. The resulting yellow solution was stirred 
at  -78' for 50 min, whereupon a solution of 140 mg (0.43 mmol) 
of l b  in 6 ml of dry ether was added dropwise to the divinylcuprate 
solution. After stirring at  -78' for 15 min, the reaction mixture 
was allowed to warm to -23' (ice-methanol bath) and stirred at  
-23 to -18O for 30 min. Then I O  ml of cold 20% aqueous 
(NH4)2S04 was added and this mixture poured into a mixture of 
15 ml of ether and 10 ml of the cold 2W0 (NH4)2S04 in a separa- 
tory funnel and shaken until the color of the organic layer disap- 
peared, and a blue aqueous layer was formed. The organic layer 
was shaken with an additional 10-mI portion of 20% (NH4)2S04. 
The combined aqueous solution was extracted three times with 
ether, and the combined organic extract was washed once with a 
saturated NaCl solution, dried (MgS04). and concentrated to 
yield a yellow oil (484 mg). The protecting groups were removed 
by treating this oil with a solution of 8 ml of acetic acid-water 
(65:35) and 0.8 ml T H F  at  31-32' for 6.5 hr. Then this solution 
was diluted with ether and washed with a saturated NaHCO3 solu- 
tion until the washings were basic, washed with a saturated NaCl 
solution, dried (MgS04), and evaporated to yield a yellow oil (405 

This oil was chromatographed over a silicic acid-Celite (85:15) 
column (1.8 X 20 cm). The column was eluted with a gradient sys- 
tem consisting of 350 ml of benzene-ethyl acetate (80:20) in the 
mixing flask and 350 ml of benzene-ethyl acetate (30:70) in the 
reservoir flask and then with a further 300 ml of benzene-ethyl ac- 
etate (30:70) when the above 700 ml was eluted; 6.5-1111 fractions 
were collected. Fractions 52-1 20 were pooled and concentrated 
yielding 91 mg (57%) of PGEl methyl ester: tlc mobility,34 Rr 
0.36; nmr (CDCI3) 6 3.69 (s, 3, OCH3),  3.95-4.27 (m, 2, C-1 1 and 
C-15 H) ,  5.55-5.73 ppm (m, 2, olefinic). Anal. Calcd for 
CzlH3605: C ,  68.44; H, 9.85. Found: C, 68.18; H,  9.37. 

(b) Corey's Reagent. tert-Butyllithium (0.58 rnl, 1.3 N i n  pen- 
tane, 0.754 mmol) was rapidly added to a solution of 123 mg (0.38 
mmol) of 3b in 3 ml of dry diethyl ether at -78' (Dry Ice-acetone 
bath) under an argon atmosphere, and the resulting solution was 
stirred at -78' for 2 hr. A slurry of 46 mg (0.35 mmol) of dry 
pentynylcopper in 1 ml of dry ether (under argon) was treated w i t h  
0.13 ml (0.7 mmol) of dry hexamethylphosphoric triamide and the 
mixture stirred at room temperature for 5 min. (A clear solution 
was obtained after 2 min.) This solution was then added to the 
vinyllithium solution, the flask being washed out a number of times 
with ether. The mixed cuprate solution was stirred at  -78' for 60 
min, whereupon a solution of 104 mg (0.32 mmol) of l b  in 4 ml of 
dry ether was slowly added to the mixed cuprate solution. After 
stirring at  -78' for 15 min, the reaction mixture was allowed to 
warm to -23' (ice-methanol bath) and stirred at -23 to - 18" C 
for 60 min. Ten milliliters of cold 20% (NH4)zSOd solution was 
added and this solution poured into a mixture of 15 ml of ether and 
10 ml of 20% (NH4)2S04 solution in a separatory funnel and shak- 
en until the color of the organic layer disappeared, and a blue 
aqueous layer was formed. The organic layer was shaken wi th  an 
additional 10-ml portion of cold 10% (NH4)2S04 solution. The 
combined aqueous solution was extracted three times with ether. 
The combined organic layer and ethereal extract were washed 
twice with cold 2% HzS04 acid (v/v), once each with saturated 
NaHC03  and saturated NaCl solutions, dried (MgSO4), and 
evaporated to give a yellow oil (196 mg). The protecting groups 
were removed by treating this oil with a solution of 4 ml of acetic 
acid-water (65:35) and 0.4 ml of T H F  at  31' for 3.5 hr. This solu- 
tion was then diluted with ether and washed with a saturated 
NaHC03  solution until the washings were basic, washed with a 
saturated NaCl solution, dried (MgS04), and concentrated to 
yield a yellow oil (147 mg). This oil was chromatographed over a 
silicic acid-Celite (85: 15) column (1.8 X 22 cm). The column was 
eluted with 350 ml of benzene-ethyl acetate (80:20) in the mixing 
flask and benzene-ethyl acetate (80:20) in the mixing flask and 
benzene-ethyl acetate (30:70) in the reservoir flask and then with 
an additional 300 ml of benzene-ethyl acetate (30:70) after the 
above 700 mi was eluted. Fractions 64-129 were pooled and con- 
centrated yielding 59 mg (50.5%) of PGEl methyl ester. 

(c) Vinylcopper Reagent. tert-Butyllithium ( 1  ml, 1.3 N in pen- 
tane, 1.3 mmol) was rapidly added to a solution of 210 mg (0.644 
mmol) of 3b in 5 ml of dry diethyl ether at -78O (Dry Ice-ace- 
tone) under a blanket of argon. The resulting solution was stirred 

mg). 

21,400), (sh) 278 (2750), (sh) 287 (2300); nmr 6 2.37 (s, 3, phenyl 
C-3 CH3). 2.68 (s, 6 ,  phenyl C-2 and C-6 CH3), 3.68 (s. 3, 
OCH3), 4.00 (broad s, 1, OH),  4.35 (dd, 1 ,  J4.5 = 6, 5 4 . 5  = 3 Hz, 
C-4 H), and 7.12 ppm (s, 2,  phenyl C-3 and C-5 H). Anal. Calcd 
for C22H3007S: C, 60.25; H,  6.89. Found: C, 60.26; H, 6.95. 

Conversion of 6c into la .  To a cooled (-78'). stirred solution of 
50 mg (0.147 mmol) of monoenol benzoate (6c) in 10 ml of dry te- 
trahydrofuran under N2, Red-A1 solution (1.5 M in toluene) was 
added in four 0.38-ml aliquots over 15 rnin. The resulting solution 
was stirred at  -78' for a further 30 min. Two milliliters of glacial 
acetic acid was added, and the solution was allowed to warm to 
room temperature. The solution was poured into 40 ml of water 
and extracted with ethyl acetate (4  X 30 mi). The ethyl acetate 
layer was washed with 10 ml each of saturated sodium bicarbonate 
and saturated NaCl solutions and dried over MgS04. Evaporation 
gave an oil which was dissolved in 10 ml of acetic acid-water (75: 
25) solution. The resulting solution was stirred at  room tempera- 
ture for 24 hr. The acetic acid-water was evaporated off under re- 
duced pressure. The resulting oil was dissolved in ethyl acetate (10 
ml), washed with saturated sodium bicarbonate and saturated so- 
dium chloride solutions, and dried over MgS04. Evaporation of the 
solvent gave a yellow oil (30 mg). Crystallization from ethyl ace- 
tate-Skelly B afforded 20 mg of la: mp 60-61'; f17.82' 
(c 0.49, MeOH); nmr (CDC13) 6 2.80 (m, 2, C-5 H), 3.61 (s, 3, 
COOCHj) ,  5.08 (m, 1, HCOH), and 7.21 ppm (m, I ,  vinyl H);  uv 
A,,, 222 nm ( t  8200); C D  231 nm 0 = -9.9' X (MeOH); ir 
(CHC13) 3448, 1748, and 1675 cm-I. Anal. Calcd for C13H2004: 
C, 64.98; H,  8.39. Found: C, 65.15; H,8.41. 

Transformation of 6b into la. To 123 mg of the isopropyl enol 
ether 6b (0.412 mmol) in I O  ml of THF,  stirred under N2 a t  -78', 
four I ,  I-ml aliquots of a solution of Red-AI in benzene (1.5 M )  
were added dropwise over a 7-min period. The reaction mixture 
was stirred at -78' for 45 min. and 2 ml of acetic acid was then 
added. The reaction mixture was allowed to warm to room temper- 
ature and evaporated to dryness. Ten milliliters of 75% acetic acid 
solution was added, and the reaction mixture was stirred for 24 hr. 
The acetic acid-water was evaporated off under pressure. The re- 
sulting oil was dissolved in ethyl acetate (25 mi), washed with sat- 
urated N a H C 0 3  and NaCl solutions, and then dried over MgS04. 
Crystallization of the residue from ethyl acetate-Skelly B afforded 
la  (60 mg), which was identified by the following characteristics: 
mp 60-61 ': [ o ] ~ ~ D  +17.60' (c 0.71, MeOH): uv A,,, 222 nm ( c  
8400). 

Microbiological Reduction of 3-Keto-1-iodo-1-trans-octene. (a) 
Penicillium decurnbens was grown in 500 ml of soybean-dextrose 
medium in a 2-1. erlenmeyer flask, which was incubated at 27' on 
a rotary shaker (270 rpm, I - in .  stroke) for 24 hr. The cells were 
harvested by centrifugation and suspended in 500 ml of 0.033 M 
borate buffer, pH 8.5. 3-Keto-I-iodo- I-trans-octene (250 mg), 
dissolved in 10 ml of acetone, was added to this cell suspension in a 
2-1. erlenmeyer flask, which was incubated for 19 hr on a rotary 
shaker (290 rpm) at 27'. A total of 1 g of the substrate was divid- 
ed among four flasks, then removed by centrifugation, and the su- 
pernatant was extracted with three 750-ml portions of chloroform. 
The collected cells were also exhaustively extracted with ethyl ace- 
tate, and the resulting emulsion was broken by filtration through a 
Celite pad. After evaporation of the combined chloroform and 
ethyl acetate extracts, the residues were combined and chromato- 
graphed over a neutral alumina (Woelm) column (2 X 21 cm). 
The column was eluted wi th  a gradient system consisting of 300 ml 
of 10% ethyl acetate-benzene in the mixing flask and 300 ml of 
30% ethyl acetate-benzene in the reservoir flask, and 4.8 ml frac- 
tions were collected. Fractions 9- 17 were pooled to yield 156 mg of 
unreacted 3-keto- 1 -iodo- I -frans-octene. Fractions 42- 102 were 
collectcd to afford 104 mg of 3a, [o] '~D +7.51' [c 0.37, MeOH]. 
(b)  Aspergillus ustus was incubated with I g of 3-keto-l-iodo-l- 
trans-octene under these same experimental conditions. After 
chromatography, 140 mg of the unreacted iodo ketone was recov- 
ered, and 1 I8  mg of 3(R)-hydroxy-I-iodo-I-truns-octene, [ ( u ] ~ ~ D  
-8.04' (c 0.60, MeOH) was obtained. 

(-)-Prostaglandin El Methyl Ester. (a) Divinylcuprate. tert- 
Butyllithium (1.6 ml, 1.3 N in pentane, 2.08 mmol) was rapidly 
added to a solution of 343 mg (1.1 mmol) of 3b in 7 ml of dry di- 
ethyl ether a t  -78' (Dry Ice-acetone bath) under a blanket of 
argon, and the resulting solution was stirred a t  -78' for 2 hr. 
Then a solution of 178 mg (0.45 mmol) of tri-n-butylphosphine- 
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at -78' for 2 hr. A solution of 222 mg (0.59 mmol) of tri-n-butyl- 
copper(1)-iodide complex in 2 ml of dry ether was treated with 
0.14 ml (0.583 mmol) of tri-n-butylphosphine at room tempera- 
ture, under argon, and the resulting solution was added to the 
vinyllithium solution, the flask being washed out a number of times 
with ether. The resulting yellow vinylcopper solution was stirred at 
-78' for 50 min, whereupon a solution of 176 mg (0.54 mmol) of 
l b  in 8 mi of dry ether was added dropwise to the former solution. 
The reaction mixture was stirred a t  -78' for 20 min and was then 
allowed to warm to -23' (ice-methanol) and stirred a t  -23 to 
-18' C for 34 min. Ten milliliters of cold 20% (NH4)2S04 solu- 
tion was added and this solution poured into a mixture of 15 mi of 
ether and 10 ml of cold 20% (NH4)2S04 in a separatory funnel 
and shaken well to give a light yellow organic layer and a blue 
aqueous layer. The organic layer was shaken with an additional 
10-mI portion of cold 20% ("&SO4 solution. The combined 
blue ("&SO4 layer was extracted three times with ether. and 
the combined organic layer and ethereal extract were washed with 
a saturated NaCI solution, dried (MgS04), and concentrated to 
give a yellow oil (688 mg). The protecting groups were removed by 
stirring this oil with a solution of 10 ml of acetic acid-water (65: 
35) and 1 ml of T H F  a t  30-32' for 18 hr. This solution was dilut- 
ed with ether and shaken with a saturated NaHC03  solution until 
the washings were basic. The organic layer was washed with a sat- 
urated NaCl solution, dried (MgS04). and evaporated to afford a 
yellow oil (65 I mg), which was chromatographed over silicic acid- 
Celite (85:15) column (1.8 X 21 cm). The column was eluted with 
a gradient system consisting of 350 ml of benzene-ethyl acetate 
(80:20) in the mixing chamber and 350 mi of benzene-ethyl ace- 
tate (30:70) in the reservoir chamber and then with an additional 
300 ml of benzene-ethyl acetate (30:70) when the first 700 ml had 
been eluted; 7-ml fractions were collected. Fractions 54-1 16 were 
pooled and concentrated to yield 99 mg (50%) of PGEi methyl 
ester. 

(d) Thiophenoxide Mixed Cuprate. tert-Butyllithium (0.58 ml, 
1.3 IY in pentane, 0.75 mmol) was added rapidly to a solution of 
122 mg (0.38 mmol) of 3b in 3 ml of dry diethyl ether at -78' 
(Dry Ice-acetone) under a blanket of argon. The resulting solution 
was stirred at -78' for 2 hr. n-Butyllithium (0.145 ml, 2.2 N i n  
hexane. 0.32 mmol) was added dropwise to a stirred solution of 35 
mg (0.32 mmol) of thiophenol in 1 ml of dry ether at 0' (ice bath), 
and the mixture was stirred a t  0' for I O  min and then at -78' for 
1 hr. Then a solution of 125.7 mg (0.32 mmol) of tri-n-butylphos- 
phinecopper(1)-iodide complex in 3 ml of dry ether was added 
dropwise to the lithium thiophenoxide solution. After stirring a t  
-78' for 15 min, this solution was added slowly to the vinyllithium 
solution at -78' for 45 min. A solution of 96 mg (0.30 mmol) of 
l b  in 4 ml of dry ether was then added to the mixed cuprate solu- 
tion and stirred a t  -78' for 15 min. After warming to -23' (ice- 
methanol), the reaction mixture was stirred a t  -23 to -18' for 1 
hr. Ten milliliters of cold 20% (NH4)2S04 solution was added and 
the solution poured into a mixture of 15 ml of ether and I O  ml of 
cold 20% (NH4)2S04 solution in a separatroy funnel and shaken 
well. The organic layer was shaken with an additional 10 ml of the 
20% (NH4)2S04 solution. The blue (NH4)2S04 solution was ex- 
tracted three times with ether, and the combined organic layer and 
ethereal extract were washed with a saturated NaCl solution, dried 
(MgS04). and evaporated to give a yellow oil (284 mg). The pro- 
tecting groups were removed by stirring this oil with a solution of 6 
ml of acetic acid-water (65:35) and 0.6 ml of T H F  a t  30' for 6 hr. 
This solution was then diluted with ether and shaken with a satu- 
rated NaHC03  solution until the washings were basic. After the 
solution was washed with a saturated NaCl solution and was dried 
(MgS04), evaporation of the solvent yielded a yellow oil (257 mg) 
which was chromatographed over a silicic acid-Celite (85:15) col- 
umn ( I  .8 X 21 cm). This column was eluted with a gradient sys- 
tem consisting of 350 ml of benzene-ethyl acetate (80:20) in the 
mixing chamber and 350 ml of benzene-ethyl acetate (30:70) in 
the reservoir chamber followed by 350 ml of benzene-ethyl acetate 
(30:70) after elution of the first 700 ml; 6-ml fractions were col- 
lected. Fractions 52- 124 were pooled and concentrated to yield 66 
mg (61%) of PGEI methyl ester. 

Microbiological Hydrolysis of (-)-PGE, Methyl Ester. Rhizo- 
p u s  oryzae was grown in the soybean-dextrose medium for 24 hr. 
The cells were then harvested by filtering through cheesecloth; ap- 
proximately 56 mg of wet mycelia were obtained from 500 ml of 

medium in a 2-1. erlenmeyer flask. After the cells were washed 
twice with 0.1 M phosphate buffer, pH 7.0, the mycelia were sus- 
pended in 500 ml of the same phosphate buffer. (-)-PGEl methyl 
ester (500 mg) dissolved in 5 ml of ethanol was added to the flask 
which was incubated on a rotary shaker (280 rpm) at 26'. After 
24 hr, the mycelia were removed by filtration, and the filtrate was 
extracted twice with ether and then acidified to p t i  2.5 with 6 N 
HCI. The acidified aqueous layer was then extracted three times 
with ethyl acetate, and the combined ethyl acetate extracts were 
washed with water and evaporated to dryness. Crystallization of 
the residue from ethyl acetate-hexane afforded 298 mg of (-)- 
P G E I ,  mp 115-1 16', [q]*'D -54' ( c  0.7, THF); its infrared, nmr. 
and mass spectra were identical with an authentic sample of (-)- 
P G E I . '  A second crop of crystals (120 mg), mp 110-1 12'. was ob- 
tained from the mother liquor. 

1-(2-Tetrahydropyranyloxy)butan-4-ol. A mixture of 168 g (2 
mol) of dihydropyran, 360 g (4  mol) of 1.4-butanedio1, and 2 drops 
of concentrated HCI was stirred at room temperature overnight. 
The mixture was then stirred a few minutes with solid K2C03, di- 
luted with ether, and washed three times with saturated NaCl so- 
lution. The ether layer was dried (Na>S04),  concentrated, and dis- 
tilled to give 195 g (77% yield based on dihydropyran) of the mo- 
notetrahydropyranyl ether,26 bp 85-88' (0.5 mm).  

l-Bromo-4-(2-tetrahydropyranyloxy)butane. Methanesulfonyl 
chloride ( 1  12 mi, 1.92 mol) was added dropwise over a period of 
0.5 hr to a cold (ra. 0') solution of 167 g (0.96 mol) of 1-(2-te- 
trahydropyranyloxy)butan-4-ol and 320 ml of triethylamine in I 1. 
of T H F  maintained at 0' with an ice-water bath and stirring 
under N2. Stirring was continued for 1 hr a t  O " ,  and the mixture 
was then diluted with water and extracted with ether. The organic 
layer was washed with water. dried (Na2S04), and evaporated to a 
yellow oil. 

The crude mesylate was mixed with 2 I .  of acetone and 120 g of 
anhydrous LiBr, stirred a t  room temperature for 2 hr and heated 
with refluxing for I hr. The cooled mixture was concentrated 
under reduced pressure, diluted with water, and extracted with 
ether. The ether extracts were washed with water and saturated 
NaCl solution, dried (NalS04),  and concentrated. The residue was 
distilled to give the bromide (164 g, 77% yield), bp 85-87' (2  mm) 

Ethyl 3-(l-Pyrrolidyl)-2-butenoate. A mixture of 254 ml (260 g, 
2 mol) of ethyl acetoacetate and 2 1. of benzene was treated with 
190 ml (162 g, 2.3 mol) of pyrrolidine. After mixing, the solution 
was allowed to stand as an exotherm developed, and the tempera- 
ture rose to ca. 50'. When the temperature began to drop, the mix- 
ture was heated with refluxing through a Dean-Stark trap until no 
more water was collected. Benzene was removed on a rotary evapo- 
rator, and the residue was distilled to give 360 g (98%) of the oily 
enamine, bp 114-1 16' (0.6 mm) [lit.28 bp 200' (40 mm)]. 

1-Hexyn-5-one (9).29,30 Ethyl 3-( I -pyrrolidyl)-2-butenoate (360 
g, 1.97 mol) and propargyl bromide (240 g, 2.02 mol) were mixed. 
placed in a room temperature water bath, and allowed to stand 
overnight. The viscous oil was then dissolved in 400 ml of water 
heated on a stream bath for 10 min. The mixture was cooled and 
extracted with ether, and the ether extracts were washed succes- 
sively with water (two times), 1 N HCI solution, water, and satu- 
rated NaCl solution. The ether extracts were concentrated. and the 
residue was added dropwise over 3 hr to a slowly distilling mixture 
of 600 g of Na2CO3 and 4.25 I .  of water.3i Distillation was contin- 
ued until the distillate was no longer cloudy. The distillate was ex- 
tracted with ether, and the ether extracts were washed with water. 
5% N a H C 0 3  solution, water, and saturated NaCl solution. After 
drying (Na2S04) and concentrating, the residue was distilled to 
give 139.5 g (74%) of I-hexyn-5-one, bp 50-52' (15 m m )  [lil.2x.3" 
bp 62-64' (1 2 mm)]. 

2-Methyl-2-(3-butynyl)-l,3-dioxolane (10). A mixture of I38 g 
(1.43 mol) of I-hexyn-Sone, I50 mi of ethylene glycol, 600 mi o f  
benzene, and IO0 mg ofp-toluenesulfonic acid was heated with re- 
fluxing through a Dean-Stark trap until no more water separated. 
The mixture was cooled, poured into 5% NaHCO3, and extracted 
with ether. The ether extracts were washed with water (three 
times) and saturated NaCl solution. The extract was dried 
(Na2SO4). concentrated, and distilled to give 177 g (89%) of the 
ketal 10, bp 73-76' ( I 6  mm) [lit.32 bp 75-76' ( I  5 mm)]. 

l-Hydroxy-5-decyn-9-one (11). A solution of 97.6 g (0.70 mol) 
of 10 in 100 ml of T H F  was added dropwise over a 20-min period 

bp 82-84O (2 mm)].  
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to a suspension of 18.32 g (0.8 mol) of lithium amide in ea. 800 ml 
of liquid "3, stirred with refluxing under a solid C02-acetone 
cold finger condenser. After stirring for 1 hr, a solution of 166 g 
(0.7 mol) of ,1-bromo-4-(2-tetrahydropyranyloxy)butane in 200 ml 
of T H F  was added dropwise over 45 min. Stirring was continued 
under reflux for 2 hr, and the ammonia was allowed to evaporate 
overnight. Methanol (800 ml), concentrated HCI (160 ml to bring 
to pH I-2), and water (300 ml) were added, and the homogeneous 
mixture was allowed to  stand for 4 hr. Most of the methanol was 
then evaporated under reduced pressure. The residue was diluted 
with water and extracted three times with ethyl acetate. The com- 
bined extracts were washed with water and saturated NaCl solu- 
tion, dried (Na2S04), and evaporated to 104 g (89%) of crude keto 
alcohol 11 which was used in the next reaction without purifica- 
tion. In a separate run, a portion of the product was distilled to 
give pure 11: bp 87-90' (0.04 mm); ir (film) 3410,2200, and 1710 
cm-I; nmr (CDCI3) 6 1.57 (4, m). 2.14 (3, s, -COCH3), 2.00-2.79 
(6, m), and 3.60 ppm (2, m, -CH20H). Anal. Calcd for 
CloHloO2: C,  71.39; H ,  9.59. Found: C ,  71.45; H,  9.80. 

Methyl 9-Keto-5-decynoate. Crude keto alcohol 11 (104 g) was 
dissolved in 1 I .  of acetone, cooled to 0' in the ice-water bath, and 
stirred during the dropwise addition of 300 ml of Jones reagent.33 
After the addition was completed, the mixture was stirred an addi- 
tional 0.5 hr a t  O', and 2-propanol was then added to destroy the 
excess oxidant. The mixture was diluted wjth water to dissolve the 
inorganic salts and was extracted with saturated NaHC03  solution 
which was carefully acidified with HCI solution and extracted with 
ether. The acidic ether extracts were washed with water, dried 
(Na2S04), and concentrated to 83 g of keto acid. This crude acid 
was esterified by stirring overnight with 500 ml of 3% methanolic 
HCI. The mixture was then concentrated under reduced pressure, 
diluted with water, and extracted with ether. The ether extracts 
were washed with water, dried (Na2S04), and evaporated. The 
residue was distilled to afford 75 g (62% yield based on crude 11) 
of methyl 9-keto-5-decynoate: bp 94-96' (0.03 mm); ir (film) 
2200, 1735, and 1718 cm-I; nmr (CDCI3) 6 1.80 (2, m). 2.14 (3. s, 
-COCH3), 2.06-2.80 (8, m), and 3.67 ppm (3, s, -CO?CH3). 
Anal. Calcd for CliH1,jO3: C,  67.32; H,  8.22. Found: C,  67.16; H,  
8.32. 

Methyl 9-Keto-cis-5-decenoate (12). The acetylenic keto ester 11 
(55.4 g, 0.28 mol) was mixed with 1.75 g of 5% palladium on 
BaSO4, 9.4 ml of synthetic quinoline, and 550 ml of benzene, and 
the mixture was stirred under a hydrogen atmosphere (1 atm) until 
the theoretical amount of hydrogen (6.8 I.)  was absorbed. At this 
point, the stirring was stopped, the catalyst removed by filtration, 
and the solvent evaporated. The residue was distilled to give 56 g 
(100%) of keto ester 12: bp 85-87' (0.03 mm);  ir (film) 1740 and 
1718 cm-I; nmr (CDCI,) 6 1.72 (2, m), 2.10 (3, s, -COCH3), 
1.98-2.64 (8, m), 3.67 (3, s, -C02CH3), and 5.38 ppm (2, "t," J = 
5 Hz). Anal. Calcd for C11H1803: C ,  66.63; H ,  9.15. Found: C ,  
66.73; H ,  9.15. 

(14). Into a 500-ml three-necked flask was placed 100 ml of anhy- 
drous ethanol under a stream of nitrogen. Sodium ethoxide was 
prepared by the addition of 1.95 g (85 mmol) of sodium metal. 
After the resulting sodium ethoxide solution was cooled to O o ,  7.5 
ml (10 g) of diethyl oxalate was added over a 2-min period (the 
clear solution turned yellow) followed by the dropwise addition of 
5 g (25 mmol) of methyl 9-keto-cis-5-decenoate (12) over a period 
of 1 hr. After the solution was allowed to stir overnight at room 
temperature and then refluxed for 1 hr (turned brown), 200 ml of 
2 N HCI was added, and the reaction mixture was again refluxed 
for 5 hr; during reflux, the ethanol was distilled off. After cooling, 
the reaction mixture was extracted with ethyl acetate (3 X 150 
ml), dried (MgSOI), and evaporated to dryness to give 5.1 g of 
solid. This solid was dissolved in 50 ml of methanol, containing 1 
ml of concentrated HCI, and allowed to stand at room temperature 
overnight under nitrogen. I t  was then refluxed for I hr, poured into 
ice water, and allowed to  stand for 2 hr. The product was extracted 
from the aqueous layer using ethyl acetate (3  X 70 ml), dried 
(MgSOd), and evaporated to give 2.8 g of 14 as an oil: ir  (CHC13) 
1732. 1720, 1697, 1687, 1655, and 725 cm-I; nmr (CDC13) 6 1.74 
(2, m), 2.30 (4, m), 2.94 (2, s, C-IO), 3.07 (3, s, OCH3), 3.13 (2, d, 
J = 5 Hz, C-7), and 5.43 ppm (s, m, HC=CH); uv A,,, 233 nm ( e  
11,700) and 325 ( I  1,400). Anal. Calcd for C13Hla05: C ,  61.89: H, 
6.39. Found: C, 61.72; H,  6.48. 

2-(6-Carbomethoxy-cis-2-hexenyl)cyclopentane-1,3,4-trione 

Microbiological Reduction of 14. The fermentation conditions 
are the same as those described previously (four 2-1. erlenmeyer 
flasks), except 1 g of 14 was incubated with Dipodaseus uninuc- 
leatus instead. 

Twenty-four hours after the addition of 14, the cells were re- 
moved by centrifugation. After the usual work-up, the oily residue 
was chromatographed over a silicic acid-Celite (85:15) column (35 
X 2.5 cm). The column was eluted with a gradient system consist- 
ing of 500 ml of ethyl acetate-benzene ( I : ] )  in the mixing cham- 
ber and 500 ml of ethyl acetate in the reservoir, and 7-ml fractions 
were collected. Fractions 42-65 were pooled to yield 0.48 g of 15: 
mp 57.5-59'; [a]"D f19.0' (1.34, CHC13); uv A,,, (95% 
ETOH) 272 nm ( e  21,000); nmr (CDC13) 6 1.2-3.2 (10 H, com- 
plex), 3.63 (3 H, s, -C02CH3), 4.66 (1 H,  m, CH-OH), 5.38 (2 
H,  m, CH=CH), 8.07 ppm ( 2  H, br, O H  and enol OH); ir 
(CHC13) 3600-2400 (OH, enol OH) ,  1720 (COzCHj), 1625 cm-' 
(C=O). Anal. Calcd for CljH1805: C,  61.40; H ,  7.13. Found: C,  
61.20; H, 7.26. 

2-(6-Carbomethoxy-cis2-hexenyl)-4( R)-hydroxy-2-cyclopenten- 
1-one (2a). A solution of 1.21 g (5.5 mmol) of mesitylenesulfonyl 
chloride in 10 ml of T H F  was added dropwise over a 25-min peri- 
od, with stirring under nitrogen, to a cold (-10"; ice-methanol 
bath) solution of 1.17 g (4.6 mmol) of 15 and 1.3 ml of triethyl- 
amine in 20 ml of THF.  After being stirred an additional 30 min at 
-10' and 45 min at room temperature, the mixture was filtered 
into a pressure-equalizing addition funnel, rinsing with 20 ml of 
fresh THF.  The filtered solution was then added dropwise, with 
stirring under nitrogen, to a solution of 12 ml of bis(2-methoxy- 
ethoxy)aluminum hydride (1.5 M in toluene) and 20 ml of THF,  
maintaining a temperature of -60' or lower with a solid CO2-ace- 
tone cooling bath. After the addition was completed, the mixture 
was stirred an additional 45 min a t  -70'. Glacial acetic acid (12 
ml) was then added cautiously, and the mixture was allowed to 
warm to room temperature. The reaction mixture was diluted with 
water and extracted with ether. The ether extracts were washed 
successively with water (two times), saturated NaHC03, water, 
and saturated NaCI. The ether solution was dried over NazS04 
and evaporated to an oily residue which was dissolved in 50 ml of 
CHC13 and stirred for 1.5 hr with ea. 2 g each of sodium oxalate 
and oxalic acid. The mixture was filtered, evaporated to a brown- 
ish oil, and chromatographed on a silicic acid-Celite column (ben- 
zene-ethyl acetate gradient) to give 526 mg (50% yield based on 
15) of oily 2a: uv A,,, 220 nm ( 6  8000); nmr (CDC13) 6 1.08-3.06 
(10 H, complex), 3.63 (3 H ,  s, -COlCHj),  4.92 ( 1  H, m, CH- 
OH), 5.50 (2 H, m, CH=CH), 7.15 ppm ( 1  H. m, CO-C=CH); 
[a]"D $12.4' (e 0.91, CH30H);  ir (CHC13) 3450 (OH), 1740 
(-C02CH3), 1710 cm-l (C=O). Peak match for (M - 18) at m/e 
220.10989 (theory for C13H1603, 220.10968). 

(-)-Prostaglandin E2 Methyl Ester. tert-Butyllithium (3.3 ml, 
I .4 N in pentane, 4.6 mmol) was rapidly added to a solution of 750 
mg (2.3 mmol) of 3b in 20 ml of dry ether at -78' (Dry Ice-ace- 
tone) under a blanket of argon. After the mixture was stirred at 
-78' for 2 hr, a solution of 393 mg (1 mmol) of tri-n-butylphos- 
phine-copper(1)-iodide complex in 10 ml of dry ether was slowly 
added to the vinyllithium solution, and the resulting yellow solu- 
tion was stirred a t  -78' for 50 min. Then a solution of 309 mg 
(0.96 mmol) of 2b in 10 ml of dry ether was slowly added to the di- 
vinylcuprate solution. After being stirred a t  -78' for 20 min, the 
solution was allowed to warm to -23' (methanol-ice) and was 
stirred at -23 to - 15' for 60 min. Fifteen milliliters of cold 20% 
(NH4)2S04 solution was added and this solution poured into 10 ml 
of cold 20% ( N H J ) ~ S O ~  solution in a separatory funnel and shaken 
well. The organic layer was shaken with a further 15-ml portion of 
cold 20% (NH4)zS04. The combined (NH4)2S04 layers were ex- 
tracted three times with ether and then the combined organic layer 
and ether extract washed with a saturated NaCl solution, dried 
( MgSOd), and evaporated to yield a yellow oil (1.08 9). A mixture 
of this oil and 16 ml of acetic acid-water (65:35) and 1.6 ml of 
T H F  were stirred at 31' for 6.5 hr. This solution was then diluted 
with ether and shaken with a saturated NaHCO3 solution until the 
washings were basic. The organic layer was shaken with a saturat- 
ed NaCI solution, dried (MgSOJ), and concentrated to give a yel- 
low oil (900 mg). This oil was chromatographed over a silicic acid- 
Celite (85:15) column (2 X 24 cm). The column was eluted wi th  a 
gradient system consisting of 300 ml of 20% ethyl acetate-benzene 
in  the reservoir flask: 5-ml fractions were collected. Fractions 86- 
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142 were pooled and concentrated to yield 175 mg (50%) of PGEz 
methyl cstcr; tlc mobility,34 R f  0.36; nmr (CDCI3) 6 3.70 (s, 3, 
OCH3), 3.90-4.30 (m, 2, C-l  1 and C-15 H), 5.45 (m, 2, olefinic), 
5.70 ppin (m, 2,  olefinic); ir 3390, 1740, and 965 cm-'. 

Hydrolysis of (-)-PCE* Methyl Ester. Frozen cells of Rhizopus 
oryzae (35 mg wet weight) were suspended in 200 ml of 0.1 M 
phosphate buffer, pH 7.0, in a 500-ml erlenmeyer flask. (-)PGE2 
methyl ester (100 mg), dissolved in 2 ml of ethanol, was added to 
the flask, which was incubated on a rotary shaker (280 rpm) at 
26'. After 29 hr, the mycelia were removed by filtration, and the 
filtrate was extracted twice with diethyl ether and then acidified to 
pti  2.5 with 5 N HCI. The acidified aqueous layer was then ex- 
tracted three times with ethyl acetate, and the combined ethyl ace- 
t,tte extracts were washed with water and evaporated to dryness. 
'The seriiisolid residue was chromatographed over a silicic acid- 
Celite (85 :15)  column (0.75 X 9 in.). The column was eluted with 
a gradient system consisting of 350 ml of benzene-ethyl acetate 
( 7 5 : 2 5 )  in the mixing flask and 350 ml of ethyl acetate in the reser- 
voir flask, and 5-ml fractions were collected. Fractions 31-45 were 
combined to give 28 mg of unreacted (-)-PGE* methyl ester. 
Fractions 51-96 were pooled to yield 57 mg of (-)-PGE>. Two 
crystallizations from ethyl acetate-hexane gave a sample, mp 62-  
6 4 O ,  [ t u j z 4 ~  -52' (c 1.15, THF) ,  identical (infrared nmr and mass 
spectra) with a biosynthetic specimen. 
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